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In light of the important role of apoptotic cell death in the pathogenesis of several viral infections, we asked whether the
cytopathogenicity evoked by rubella virus (RV) might also involve apoptotic mechanisms. The To-336 strain of RV induced
apoptosis in Vero and RK-13 cells, but not in fibroblast cell lines. UV-inactivated RV virions did not elicit the apoptotic
response, indicating that productive infection is required for the induction of cell death. Both p53 and p21 protein levels were
highly elevated in RV-infected Vero cells. The level of p21 mRNA was increased, while expression of the p53 gene was
unaffected by RV infection. A dominant-negative p53 mutant (p53W248) conferred partial protection from RV-induced apoptosis.
These data implicate a p53-dependent apoptotic pathway in the cytopathogenicity of RV, thereby suggesting a mechanism
by which RV exerts its teratogenic effects. © 1999 Academic Press
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pINTRODUCTION
Viruses rely on cellular metabolites and enzymes for
heir replication and perturb many strictly monitored bio-
hemical processes. Viral infections may influence cell
ivision by interfering with the function of cell cycle
egulatory proteins or by altering cellular gene expres-
ion (reviewed in Jansen-Du¨rr, 1996). Such perturbations,
n turn, frequently trigger apoptosis, a phylogenetically
onserved self-destructive biological response that elim-
nates damaged cells. Thus apoptosis, as a part of the
atural defense mechanism that protects against viral
nfections, plays an important role in the pathogenic
echanisms of many different viruses (reviewed in Razvi
nd Welsh, 1995). In the course of their replication cy-
les, adenovirus, Epstein-Barr virus, human papillomavi-
uses, and hepatitis B virus induce p53-dependent apop-
osis (Lowe and Ruley, 1993; Allday et al., 1995; Chen and
ooper, 1996; Chirillo et al., 1997; Desaintes et al., 1997).
owever, all of these viruses have also evolved complex
trategies to inactivate the p53 protein or to counteract
ts biological action (Debbas and White, 1993; Subrama-
ian et al., 1993, 1995; Okan et al., 1995; Gillet and Brun,
996). Other viruses, including influenza viruses, human
mmunodeficiency virus, and human herpesvirus 6, may
nduce cell death through p53-independent mechanisms.
or example, virally induced apoptosis was shown to be
ediated by interferon-induced enzymes, including the
nterferon-induced double-stranded RNA-dependent pro-
ein kinase and the 2–5 Å synthetase/RNaseL, or by
1 To whom correspondence and reprint requests should be ad-
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74ctivation of the Fas and tumor necrosis factor-receptor
ignaling pathways (Wada et al., 1995; Takizawa et al.,
996; Diaz-Guerra et al., 1997; Lee et al., 1997; Su and
chneider, 1997). Some viruses encode proteases that
leave polyprotein precursor molecules synthesized dur-
ng their replication. These viral proteases may also
romote apoptosis when they bind their cellular sub-
trates (Strack et al., 1996).
Rubella virus (RV) is the sole member of the Rubivirus
enus in the family Togaviridae, which also includes the
lphavirus genus. The ability of alphaviruses to elicit
poptosis is well-documented (Levine et al., 1993; Griffin
nd Hardwick, 1997). The cytopathic effect (CPE) ob-
erved in cell cultures infected with the prototype alpha-
irus, Sindbis virus (SV), is known to be mediated by
poptosis (Levine et al., 1993). The transmembrane do-
ains of the SV envelope glycoproteins were shown to
e essential for the induction of apoptosis (Joe et al.,
998). The apoptotic pathway triggered by this virus in-
olves the action of NF-kB (Lin et al., 1995, 1998). Over-
xpression of bcl-2 inhibits SV-induced cell death, with
n accompanying shift of the infectious cycle from a lytic
o a persistent phase (Levine et al., 1993). Furthermore, a
lear example of how apoptotic cell death can represent
he central mechanism of virulence came from studies
dentifying neuronal apoptosis as the underlying process
hat contributes to SV-induced encephalitis in suscepti-
le mice (Levine et al., 1996; Lewis et al., 1996). RV is the
ausative agent of rubella or German measles. The clin-
cal course of natural childhood rubella is usually mild
nd frequently asymptomatic, whereas establishment of
ersistent and generally noncytopathic RV infection ofhe fetus may cause profound damage in the ontogeny of
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75RUBELLA VIRUS INDUCES APOPTOSISetal organs (reviewed in Wolinsky, 1996). Histological
vidence of cell death, possibly due to a direct cytopathic
ffect of RV, can also be demonstrated in various organs
Bellanti et al., 1965; Tondury and Smith, 1966; Singer et
l., 1967; Driscoll, 1969). The teratogenic effect of RV is
anifested in the complex clinical signs of intrauterine
rowth retardation and organ-specific dysfunctions de-
ined as congenital rubella syndrome (CRS) (reviewed
aeye and Blanc, 1965; Plotkin et al., 1965a; Rawls and
elnick, 1966; Plotkin, 1994; Wolinsky, 1996). Compara-
ive laboratory studies revealed that RV can establish
ersistent, noncytocidal infection in many cell types,
hile only a limited number of tissue culture systems,
ncluding kidney cell lines isolated from different animal
pecies (Vero, RK-13, and BHK-21), human fetal lens
ells, and a rabbit cornea cell line, were shown to be
usceptible to the cytopathic effect of this virus (Mc-
arthy, 1969; Wolinsky, 1996). Characteristic features of
V replication in cultured cells include slow, asynchro-
ous infection, with a variable percentage of infectable
ells depending on the cell type (Wolinsky, 1996). For
irus isolation and for analyses of the mechanism of RV
nfection, the Vero cell line is most frequently used,
ecause these cells efficiently support viral replication,
xhibit extensive CPE, and show a high frequency of
nfection (;100% (Hemphill et al., 1988). In vitro studies
ave demonstrated that RV infection slows the growth
FIG. 1. Kinetics of RV replication in Vero cells. RV replication was
xamined by indirect immunofluorescence assay using RV envelope
lycoprotein E1-specific MAb and FITC-conjugated goat anti-mouse
mmunoglobulin. Vero cells were infected with the To-336 strain of RV,
ncubated for 1, 3, and 5 days, stained, and visualized by confocal
icroscopy (B, C, and D, respectively). (A) Mock-infected cells cultured
n parallel for 5 days.ate of human diploid fibroblasts, causes mitotic arrest, end ultimately gives rise to genetic alterations, such as
hromosomal breaks (Plotkin et al., 1965b; Nusbacher et
l., 1967). RV-induced synthesis of a mitotic inhibitor
erturbs physiological cell cycle regulation and thus af-
ects cell growth (Plotkin and Vaheri, 1967). RV infection
lso causes cytomorphological alterations in the mem-
rane systems of the endoplasmic reticulum, Golgi com-
lex, and mitochondria (Lee et al., 1996), depolymeriza-
ion of actin filaments (Bowden et al., 1987), and an
ltered responsiveness to certain cytokines, such as
pidermal growth factor (Yoneda et al., 1986). It has long
een suggested that the complex pathophysiological ba-
is of CRS rests in the concerted action of altered cell
rowth, impaired differentiation, and death of certain
ensitive cell types (Plotkin et al., 1965a; Dudgeon, 1969;
olinsky, 1996). However, the underlying mechanisms
nvolved in the cytopathogenicity of RV have remained
nclear.
In the present study, we investigated the molecular
vents implicated in RV-induced cell death in an effort to
ain some insight into the teratogenic effect of this virus.
RESULTS
he To-336 strain of RV induces apoptosis of infected
ero cells
Vero cells infected with the To-336 strain of RV were
nalyzed for the hallmarks of apoptosis by different
ethods and compared to mock-infected cultures.
Indirect immunofluorescence assay to evaluate RV
eplication kinetics in infected Vero cells revealed posi-
ive staining for the RV E1 envelope glycoprotein on days
, 3, 5, and 7 (Figs. 1B–D and 2D) in 10, 68, 98, and 98%
f the cells, respectively. A similar, finely granular cyto-
lasmic staining pattern was observed using either poly-
lonal goat anti-rubella virus antiserum or rubella-posi-
ive human immune serum (data not shown). Thus, the
ero cell line is highly permissive to RV replication,
onsistent with previous studies (Hemphill et al., 1988).
TdT-mediated digoxigenin–dUTP end-labeling (TUNEL)
ssay to determine whether the CPE of RV is due to apop-
otic cell death revealed very few positive cells in mock-
nfected cultures (Figs. 2B and 2C), whereas 60–70% of
ells in RV-infected cultures were positive, although some
iable cells were still present even after the 7-day incuba-
ion (Figs. 2E and 2F). Thus, RV caused DNA damage
haracteristic of apoptosis in a substantial proportion of
ells.
No cells treated with a UV-inactivated virus prepara-
ion were positive for expression of the RV E1 envelope
lycoprotein by immunofluorescence assay (Fig. 2G) and
o nuclei displayed positive TUNEL staining (Figs. 2H
nd 2I). The lack of detectable apoptosis in these cul-
ures, together with the slow time course of the apoptotic
esponse, suggests that productive virus infection is nec-
ssary to trigger cell death.
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76 MEGYERI ET AL.Analysis of cellular DNA indicated DNA fragmentation
rom 3 days after virus inoculation, with the highest levels
etween 5 and 7 days postinfection (Fig. 3, lanes 6–8),
FIG. 2. Induction of apoptosis in Vero cells by RV. Vero cells infe
aintained for 7 days. Mock-infected cultures incubated in parallel
rescence assay (A, D, and G) as described in the Fig. 1 legend.
V-inactivated virus, respectively. In situ assay for apoptosis by th
E and F) cells infected with RV; (H and I) cells treated with UV-ina
nd photographed at 340 (B, E, and H) or 3100 (A, C, D, F, G, and
ents.
FIG. 3. Induction of apoptotic DNA fragmentation by RV infection in
ero cells. DNA was extracted from mock- or RV-infected cultures at the
ndicated time points, electrophoresed on a 1.8% agarose gel, and
isualized by ethidium bromide staining. Lanes 1–4, mock-infected
ultures; lanes 5–8, RV-infected cells. Results are representative of twogndependent experiments.hereas no DNA degradation was detected in the mock-
nfected cultures until 7 days of incubation, when a very
eak DNA ladder appeared (Fig. 3, lanes 1–4). Thus, RV
nfection promotes the cleavage of cellular DNA into
ligonucleosome-length fragments.
A double-parameter cytofluorometric DNA analysis
o verify the presence of an apoptotic population in
V-infected cultures and to determine the distribution
f proliferating cells within the different compartments
f the cell cycle demonstrated that 1.5 and 46% of the
otal cell population in mock-infected and RV-infected
ultures, respectively, had hypodiploid DNA content
Fig. 4). Moreover, the values calculated by the exclu-
ion of apoptotic cells from the total number of cells
ndicated a decrease in active S phase (33%) and an
ccumulation in G2/M phase (18.5%) compared with
ock-infected cells (41 and 10% in S phase and G2/M
hase, respectively; Fig. 4). Thus, RV infection results
n the appearance of cells with the hypodiploid DNA
ontent characteristic of apoptosis and perturbs pro-
ith the To-336 strain of RV or treated with UV-irradiated virus were
eft untreated. RV replication was examined by indirect immunoflu-
ck-infected cells; (D and G) cells infected with RV or treated with
L method (B, C, E, F, H, and I): (B and C) mock-infected cultures;
d virus. All of the cultures were visualized by confocal microscopy
nification. Results are representative of three independent experi-cted w
were l
(A) Mo
e TUNE
ctivate
I) magression through the cell cycle.
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77RUBELLA VIRUS INDUCES APOPTOSISV strain To-336 induces apoptosis in RK-13 cells but
ot in human embryonic fibroblast cell lines
To examine the ability of RV to induce apoptosis in
ther cell types, the extent of DNA fragmentation was
easured in infected RK-13 cells and in two human
mbryonic fibroblast cell lines (HEL-17 and HEL-18) by
LISA. The results demonstrated that RV infection elic-
ted apoptosis in RK-13 cells but not in fibroblast cell
ines, compared with the corresponding mock-infected
ontrols (Fig. 5). Indirect immunofluorescence assay to
FIG. 4. Cell cycle distribution of RV-infected Vero cells. Asynchronous
or DNA content with PI and for replicative DNA synthesis with FITC-con
n EPICS XL flow cytometer. Results are representative of three indep
FIG. 5. Induction of apoptosis in RV-infected RK-13 cells, but not in
uman embryonic fibroblast cell lines. RV-induced apoptosis was mea-
ured by a specific ELISA in RK-13 cells and in two human embryonic
ibroblast cell lines (HEL-17 and HEL-18) in comparison with the cor-
esponding mock-infected controls at 7 days postinfection. Enrichment
f the histone protein fraction associated with oligonucleosomal DNA
n the cytoplasm of RV-infected cells was calculated as described
nder Materials and Methods. Data are mean (1SD) values from threendependent experiments. ietermine the frequency of infection revealed positive
taining for the E1 antigen in 62% of RK-13 cells and in 54
nd 58% of HEL-17 and HEL-18 fibroblasts, respectively.
V infection was accompanied by a visible CPE in RK-13
ells, but not in the fibroblast cell lines (data not shown).
hus, RV-induced apoptosis might be tissue-specific.
V infection increases the levels of p53 and p21
roteins in Vero cells
To examine the potential role of p53 and p21 in the
poptotic response triggered by RV, the steady-state
evels of these proteins were determined by Western blot
nalysis using the corresponding antibodies (Fig. 6).
ndogenous p53 protein levels in the mock-infected
ells were below the detection limit at the exposure
hown in Fig. 6. However, low-level accumulation of p53
as detectable in these cultures by longer exposure of
ing mock (A)- and RV-infected (B) cells were analyzed simultaneously
anti-BrdU antibody, as described under Materials and Methods, using
experiments.
FIG. 6. RV infection increases the steady-state levels of p53 and p21
roteins in Vero cells. Total protein was isolated from mock-infected
ells (lanes 1–5) and from RV-infected cells (lanes 6–10) at the indi-
ated time points. Samples (50 mg of protein) were resolved on 12%
DS–PAGE and transferred to nitrocellulose filters. The steady-state
evels of p53 and p21 proteins were analyzed by Western blot assay
sing the corresponding antibodies. Results are representative of threely divid
jugatedndependent assays. The arrow for p53 refers to all three bands.
t
e
a
a
c
s
c
d
i
s
E
c
m
e
d
i
R
p
p
i
s
a
a
c
q
R
a
p
c
m
a
t
m
o
i
E
i
e
I
w
s
8
M
S
(
v
i
c
e
R
a
c
l
c
w
e
g
i
t
t
i
1
t
a
c
p
w
c
78 MEGYERI ET AL.he blots (data not shown). RV-infected cells showed
levated p53 levels at 5 days after virus inoculation. In
ddition to the full-length p53 protein, two other products
t 49 and 43.5 kDa were also detected in RV-infected
ells as well as in control cultures (Fig. 6 and data not
hown). p21 protein was undetectable in mock-infected
ells for about 5 days (Fig. 6), but was detected at 10
ays of culture (data not shown). During the course of RV
nfection, p21 protein levels increased with a kinetics
imilar to that of p53.
xpression of genes encoding proteins involved in
ell cycle regulation and/or apoptosis is differentially
odulated by RV in Vero cells
A multiprobe RNase protection assay was used to
valuate the expression of genes encoding several me-
iators involved in cell cycle regulation and/or apoptosis,
ncluding p53, the retinoblastoma gene product (Rb),
b-related proteins (p130, p107), and several cyclin-de-
endent kinase inhibitors (p57, p27, p21Waf1/Cip1/Sdi1, p19,
18, p16, p15, p14) (Fig. 7). Both mock-infected and RV-
nfected cells expressed p130, Rb, p53, and p27 tran-
cripts at each time point examined, and no significant
FIG. 7. Differential modulation of cell cycle- or apoptosis-associated
ene expression by RV infection in Vero cells. Vero cell cultures were
noculated with the To-336 strain of RV and maintained for the indicated
imes. Samples (10 mg of total RNA) were analyzed by RNase protec-
ion assay. Lane 1, the unprotected hCC-2 probe set; lanes 2–6, mock-
nfected cells; lanes 7–11, RV-infected cultures. Films were exposed for
2 h. Results are representative of three independent assays.lterations were detected in the transcriptional activity of 3ny of these genes. Levels of p57 mRNA gradually in-
reased through the 5 days of culture, but there was no
uantitative difference between the mock-infected and
V-infected cultures. p21 gene expression was on aver-
ge 2.8- and 6.4-fold higher at the 3- and 5-day time
oints in RV-infected cells compared to mock-infected
ultures in three independent experiments. p107 and p18
RNA levels gradually decreased in both mock-infected
nd RV-infected cultures. Levels of p19, p16, p15, and p14
ranscripts were very low or undetectable.
Together, the results indicate that the level of p21
RNA is highly increased, while expression of all the
ther genes tested, including p53, is unaffected by RV
nfection.
xpression of a dominant-negative p53 mutant
nhibits RV-induced apoptosis in Vero cells
Vero cells were transfected with a plasmid directing
xpression of a dominant-negative p53 mutant (p53W248).
mmunofluorescence assay using PAb240 MAb (Ab-3),
hich detects only mutant p53, revealed strong nuclear
taining in 98% of cells in a line designated clone 1 (Fig.
A), while no positive cells were detected with PAb1620
Ab (Ab-5), which recognizes only wild-type 53 (Fig. 8B).
imilar results were obtained in the analysis of clone 2
data not shown). These results confirmed that two indi-
idual cell clones overexpressed mutant p53 protein. To
nvestigate a potential effect of mutant p53 on RV repli-
ation, expression of RV E1 envelope glycoprotein was
xamined by immunofluorescence assay. Quantitation of
V-infected cells revealed that 98% of cells were RV E1
ntigen-positive in the two p53W248 transfectant cell
lones, as well as in the mock-transfected control cell
ine at 5 days after infection (data not shown). Infected
ulture supernatants were also harvested and virus titers
ere determined by plaque assay. The data from two
xperiments showed that virus yields of the two Vero cell
FIG. 8. Expression of the dominant-negative p53 mutant in a p53W248-
ransfected Vero cell line. p53W248 transfectant clone 1 was established
s described under Materials and Methods. Indirect immunofluores-
ence assay was used to detect the expression of the p53W248 mutant
rotein and to determine its intracellular localization. (A) Cells stained
ith PAb240 (Ab-3); (B) cells incubated with PAb1620 (Ab-5). Both
ultures were visualized by confocal microscopy and photographed at
40 magnification.
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79RUBELLA VIRUS INDUCES APOPTOSISines overexpressing p53W248 (clone 1: 6.5 3 106 PFU/ml;
lone 2: 6.9 3 106 PFU/ml) were nearly identical to that of
he control cell line (6.6 3 106 PFU/ml). These results
ndicate that virus production was unaffected by the
resence of the dominant-negative p53 mutant. To de-
ermine whether the endogenous p53 in p53W248 trans-
ectants was rendered functionally defective, the RV-
ediated induction of p21 was also investigated. West-
rn blot analysis revealed a considerably lower
xpression of p21 protein in the two cell clones carrying
utant p53 than in the mock-transfected control cell line
Fig. 9, lanes 5, 6, and 4, respectively). To assess the
unctional significance of p53 accumulation in RV-in-
uced cell death, apoptosis was measured in cell clones
xpressing the p53W248 mutant and compared to the
ock-transfected control cell line. The results of ELISA
etecting the enrichment of nucleosomes in the cyto-
lasm of apoptotic cells demonstrated that the dominant-
egative p53 mutant conferred partial protection from
V-mediated apoptosis (Fig. 10). There was no substan-
ial difference between the mock-transfected cells and
he nontransfected parental Vero cells in the apoptotic
esponse and virus yields (data not shown). These re-
ults indicate that RV induces apoptosis, at least in part,
hrough p53-dependent mechanisms.
DISCUSSION
In the present study, we showed that the To-336 strain
f RV replicated efficiently, induced a strong cytopathic
ffect, and triggered apoptosis in a high proportion of
nfected Vero cells. The slow time course of development
f apoptosis was consistent with the extent and kinetics
f CPE. Our experiments also revealed RV-induced apop-
osis in another tissue culture system, RK-13. In contrast,
uman embryonic fibroblast cell lines, in which RV es-
FIG. 9. The p53W248 mutant inhibits RV-mediated expression of p21.
53W248 transfectants and control cells were infected with the To-336
train of RV for 5 days. Mock-infected cultures incubated in parallel
ere left untreated. Western blot analysis was used to determine the
teady-state level of p21 in p53W248 transfectant clones 1 and 2 (lanes 2,
, and 3, 6, respectively) and compared to a control cell line (lanes 1, 4).
anes 1–3, mock-infected cultures; lanes 4–6, RV-infected cells. Re-
ults are representative of two independent assays.ablishes noncytocidal infection, proved to be resistant to mhe apoptotic effect of this virus. Thus, the results ob-
ained using cells of different histological types indicate
hat the cytopathogenicity of RV is linked to apoptotic
echanisms. The fact that UV inactivation completely
bolished the ability of RV to elicit an apoptotic response
uggests that productive infection is necessary to trigger
ell death. Recent studies have shown that the cyto-
athic effect of RV correlates with the expression of
onstructural proteins (NSPs) (Pugachev et al., 1997),
aising the possibility that NSPs of RV mediate apopto-
is.
As a step in investigating the underlying molecular
vents implicated in RV-induced cell death, we focused
n the role of the p53-dependent apoptotic pathway in
ero cells. p53 is a transcription factor acting as a major
ediator of either growth arrest or apoptosis (Gottlieb
nd Oren, 1996; Ko and Prives, 1996). p53 activates the
xpression of several downstream target genes, includ-
ng the proapoptotic bax and p21, an inhibitor of cyclin-
ependent kinases (CDKs). p53-driven induction of p21
eads to subsequent G1 arrest through the binding of
yclin–CDK complexes (El-Deiry et al., 1993; Xiong et al.,
993; Miyashita and Reed, 1995). In certain cells, gene
ctivation by p53 is indispensable for induction of apop-
osis (Sabbatini et al., 1995), whereas in other experimen-
al systems, the transactivation-independent functions of
53 play a dominant role (Caelles et al., 1994; Haupt et
l., 1995; Sakamuro et al., 1997). We detected a dramatic
ncrease in the steady-state level of p53 protein in re-
ponse to RV infection. The two additional species (49
nd 43.5 kDa) may represent truncated forms of p53
FIG. 10. The p53W248 mutant inhibits the apoptotic response elicited
y RV infection. RV-induced apoptosis was measured by a specific
LISA in p53W248 transfectant clones 1 and 2 in comparison with a
ontrol cell line. Enrichment of the histone protein fraction associated
ith oligonucleosomal DNA in the cytoplasm of RV-infected cells was
alculated as described under Materials and Methods. The data are
ean (1SD) values from three independent experiments.
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80 MEGYERI ET AL.enerated by limited proteolysis or may correspond to
ifferentially phosphorylated isoforms of this protein. Ex-
ression of the p53 gene was unaffected by RV infection,
uggesting that posttranscriptional regulatory mecha-
isms account for the increase in p53 protein levels.
omparison of the kinetics of p53 accumulation with the
rogression of apoptosis and CPE provided correlative
vidence that RV-induced apoptosis might be mediated
y p53. Expression of dominant-negative mutants is a
ethod for determining the biological function of pro-
eins (Malim et al., 1989; Hassel et al., 1993; Chen et al.,
998; Ohnishi et al., 1998). It has been shown that a
ingle amino acid substitution, Trp248 (W248), which
aps to the p53 DNA binding domain, confers dominant
nhibitory activity to p53, because the mutant protein can
ligomerize with wt p53 and abolish the sequence-
pecific DNA binding activity of the oligomer (Waterman
t al., 1996). To obtain further evidence for the impor-
ance of the p53-dependent pathway in cell death elic-
ted by RV, we established Vero cell clones expressing
ominant-negative p53 mutant (p53W248). Our analysis
evealed an impressive reduction of apoptosis in p53W248
table transfectants. On the other hand, this p53 mutant
onferred only partial protection, since apoptosis was
bserved in clonal cell lines overexpressing p53W248. It is
ossible that inhibition of endogenous p53 by p53W248
as not complete or that multiple pathways of apoptosis
re involved in the cellular response to RV infection. It is
ell-documented that p53 is rapidly stabilized following
NA damage (Nelson and Kastan, 1994), ribonucleotide
epletion (Linke et al., 1996), or hypoxia (Graeber et al.,
994). Previous studies have also shown that p53 can be
ctivated by binding of short single-stranded DNA frag-
ents, as well as by interaction with cellular or viral
roteins (Hupp et al., 1995; Jayaraman and Prives, 1995;
aterman et al., 1998). Recent observations emphasize
he importance of phosphorylation events in the regula-
ion of p53 activity (Martinez et al., 1997; Shieh et al.,
997; Waterman et al., 1998). Although the detailed mech-
nisms of RV-mediated stabilization and activation of p53
emain to be elucidated, it is possible that RV leads to
enotoxic stress, since genetic alterations, including
hromosomal breakages, are known to occur following
V infection (Plotkin et al., 1965b; Nusbacher et al., 1967).
lternatively, virus replication may deplete cellular ribo-
ucleotide pools and thereby contribute to the accumu-
ation of p53.
RV infection also stimulated the expression of p21.
lthough G1 arrest mediated by p21 can inhibit p53-
ependent apoptosis (Gorospe et al., 1996, 1997), apop-
osis can occur even in the presence of p21 (Polyak et al.,
996; Sakamuro et al., 1997). Cytofluorometric DNA anal-
sis revealed no overt cell cycle block in the G1 phase
ue to RV infection, but instead the presence of a pop-
lation with hypodiploid DNA content, demonstratinghat apoptosis dominates over G1 arrest in a high pro- portion of cells. Recent data indicate that the biological
onsequence (i.e., G1 arrest or apoptosis) of the joint
ffect of p53 and p21 depends on their stoichiometric
atio as well as on the cellular context of their action
etermined by the histological type of cell and by the
resence of extracellular signals (Chen et al., 1996;
olyak et al., 1996). Thus, while RV infection causes
poptosis in Vero cells, other cell types that are less
usceptible to the cytopathogenic effect of the virus may
how predominantly G1 arrest. This combination of CPE
nd mitotic inhibition is reflected in the pathology of CRS,
hich exhibits features of both destruction of specific
issues and growth retardation (Naeye and Blanc, 1965;
ondury and Smith, 1966; Driscoll, 1969; Plotkin, 1994). A
ossible role for p21 might be that of a mediator in the
econciliation of RV replication and cellular functions,
romoting the noncytopathogenic form of infection and
he establishment of viral persistence rather than medi-
ting apoptosis.
Previous studies demonstrated that the simultaneous
pregulation of bax and downregulation of bcl-2 synthe-
is increases the susceptibility of cells to apoptotic stim-
li (Oltvai et al., 1993). Our analysis revealed that the
teady-state level of the p53-inducible bax-a protein is
ighly increased in RV-infected Vero cells (data not
hown), which may contribute to cell destruction. Further
tudies that focus on the role of bcl-2 family member
roteins appear promising in helping to establish the
omplex molecular mechanism of the teratogenic effect
xerted by RV. Taken together, our data may bear on
RS, since tissue-specific apoptosis may account for
ertain dysfunctions observed in CRS patients.
MATERIALS AND METHODS
ell culture and virus growth
Vero cells [obtained from the American Type Culture
ollection (ATCC), Rockville, MD] were grown in Dulbec-
o’s modified Eagle’s minimal essential medium (Gibco/
RL, Grand Island, NY) supplemented with 7.5% fetal calf
erum (Atlanta Biologicals, Norcross, GA). RK-13 cells
obtained from ATCC) were grown in Dulbecco’s modi-
ied Eagle’s medium (Gibco/BRL) supplemented with 10%
etal calf serum (Atlanta Biologicals). Human embryonic
ibroblast cell lines HEL-17 and HEL-18 were maintained
n RPMI medium (Sigma Chemical Co., St. Louis, MO)
upplemented with 10% fetal calf serum (Gibco/BRL). All
ell lines used were cultured at 35°C in a 5% CO2
tmosphere.
To establish clonal cell lines expressing a dominant-
egative p53 mutant (p53W248), Vero cells were cotrans-
ected with plasmid pSVhp53W248, which directs expres-
ion of the mutant p53 protein, and plasmid pcDNA3
Invitrogen, San Diego, CA), conferring G418 resistance
Waterman et al., 1996). Cell lines cotransfected with
SV2 without insert and pcDNA3 served as mock-trans-
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81RUBELLA VIRUS INDUCES APOPTOSISected controls. Transfected cells were selected for G418
esistance, isolated, and expanded into cell lines. Ex-
ression of p53W248 was examined by indirect immuno-
luorescence assay using MAb Ab-3 (clone PAb240; Cal-
iochem, Cambridge, MA), which detects only mutant
53, and Ab-5 (clone PAb1620; Calbiochem) MAb which
etects only wild-type p53.
The To-336 strain of RV (obtained from ATCC, code
R-553) was propagated at a m. o. i. of 0.01 PFU per cell
n Vero cell cultures for 7 days at 35°C. The culture fluid
f RV-infected Vero cells was harvested, stored at
70°C, and used as infecting stock of virus.
Virus plaque assay was performed as described (Sato
t al., 1979) on confluent monolayers of Vero cells inoc-
lated with virus solution for 1 h at 35°C and overlaid
ith 0.5% agarose (FMC, Rockland, ME) in phenol red-
ree Eagle’s minimum essential medium supplemented
ith 7.5% fetal bovine serum and 2 mM L-glutamine. After
days of culture at 35°C, a second agarose overlay
ontaining 0.005% neutral red was added. Plaque titers
ere determined at 7 days after virus infection.
Unless otherwise indicated, Vero cell cultures were
nfected with the To-336 strain of RV at a m. o. i. of 5 PFU
er cell. For experiments using inactivated virus, culture
luid containing 1 3 107 PFU/ml RV virions was exposed
o UV light (254 nm) for 20 min at a distance of 10 cm.
ack of infectious virus (,5 PFU/ml) in UV-irradiated
irus stock was verified by plaque assay.
ndirect immunofluorescence assay
Cytospin (Shandon Inc., Pittsburgh, PA) cell prepara-
ions were fixed in methanol–acetone (1:1) for 15 min at
20°C. Slides were incubated with a 1:100 dilution of RV
lycoprotein E1-specific MAb (Biodesign, Kennebunk,
E) for 1 h at 37°C. Alternatively, a polyclonal goat
nti-RV immunoglobulin (1:200) (Biodesign) or a rubella-
ositive human immune serum (1:30) was used as pri-
ary antibody in some experiments. After washing with
BS, samples were reacted with fluorescein isothiocya-
ate (FITC)-conjugated species-specific secondary anti-
odies [1:800 dilution of FITC-labeled anti-mouse anti-
ody (Cappel, Durham, NC), or FITC-labeled anti-goat
ntibody (1:100) (PharMingen, San Diego, CA), or FITC-
abeled anti-human antibody (1:100) (Sigma Chemical
o.)] and incubated for 1 h at 37°C. After washing with
BS, slides were counterstained with 0.01% Evans blue
Sigma) and visualized by confocal microscopy. The ratio
f positive to negative cells was determined after count-
ng 1000 cells in random fields.
NA fragmentation analysis
Cells (2 3 106) were resuspended in lysis buffer con-
aining 50 mM Tris–HCl, pH 8.0, 10 mM NaCl, 10 mM
DTA, 0.5% N-lauroyl sarcosine, 100 mg/ml proteinase KBoehringer-Mannheim, Indianapolis, IN) and incubated tor 2 h at 37°C. Lysed cells were subjected to phenol–
hloroform extraction. Nucleic acids were precipitated
ith 0.1 M NaCl and 2.5 vol of ice-cold absolute ethanol.
ollowing centrifugation at 12,000 rpm at 4°C, pellets
ere resuspended in RNase buffer consisting of 15 mM
aCl, 10 mM Tris–HCl, pH 7.5, and 50 mg/ml RNaseA
Sigma). Incubation was carried out for 1 h at 37°C. DNA
as reextracted with phenol–chloroform, precipitated,
nd resuspended in 10 mM Tris–HCl, pH 7.5, 1 mM EDTA.
NA samples (20 mg each) were electrophoretically sep-
rated on 1.8% agarose gel containing ethidium bromide
nd visualized under UV light.
UNEL assay for DNA degradation
In situ assay for apoptosis was performed by direct
mmunofluorescence detection of digoxigenin-labeled
NA. Cytospin cell preparations were fixed in 1% para-
ormaldehyde for 30 min at room temperature. Samples
ere treated with 20 mg/ml proteinase K (Boehringer-
annheim) for 15 min at room temperature. Terminal
eoxynucleotidyl transferase (TdT; Oncor Inc., Gaithers-
urg, MD) was applied to incorporate digoxigenin-11-
UTP at sites of DNA breaks for 1 h at 37°C. Incubation
ith FITC-conjugated anti-digoxigenin antibody (Oncor
nc.) was carried out for 30 min at room temperature.
egative control sections were treated identically except
or the omission of the TdT enzyme. After the TUNEL
ssay, cytospin preparations were also stained in PBS
ontaining 1 mg/ml propidium iodide (PI) (Sigma) and 50
g/ml RNaseA (Sigma) for 15 min at 37°C. Nuclear
luorescence of stained cells was visualized by confocal
icroscopy. Apoptotic cells labeled with FITC display
ellow fluorescence, while viable cells stained only by PI
ppear as red nuclei.
uantitation of apoptosis by ELISA
Cells were washed in PBS and the cell pellet was
rocessed in a cell death detection ELISA kit that is
ased on the detection of core histones (H2A, H2B, H3,
nd H4) complexed with mono- and oligonucleosome
ragments formed during cell death, using anti-histone
Ab. This system allows the specific detection of his-
one proteins in the cytoplasmic fraction (Boehringer-
annheim). Cells were incubated in lysis buffer for 30
in at 4°C and centrifuged at 12,000 rpm for 10 min, and
upernatants were tested by ELISA. Microtiter plates
ere coated with anti-histone MAb for 1 h at room
emperature. Each sample was incubated in duplicate for
0 min at room temperature, washed, and incubated with
eroxidase-conjugated antibody (anti-DNA-POD) for 90
in at room temperature. After washing, substrate solu-
ion (ABTS) was added to each well for 5–10 min. Absor-
ance was measured at 405 and 620 nm. Specific en-
ichment of mono- and oligonucleosomes released into
he cytoplasm was calculated as: absorbance of RV-
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82 MEGYERI ET AL.nfected cells/absorbance of corresponding mock-in-
ected control cells 5 enrichment factor.
ytofluorometric DNA analysis
At 2 days postinfection, cells were trypsinized and
ubcultivated at approximately 30% confluency for 2
ore days to obtain an asynchronously dividing cell
opulation. Mock-infected cultures were cultured in par-
llel. Cells were pulse-labeled for 50 min with 10 mM
romodeoxyuridine (BrdU) (Sigma), trypsinized, washed
ith PBS, and fixed in 70% ethanol for 30 min at room
emperature. After washing with PBS containing 0.5%
SA, cells were resuspended in denaturing solution (2 M
Cl and 0.5% Triton X-100) and incubated for 20 min at
oom temperature. After another PBS wash, cell pellets
ere resuspended in 0.1 M sodium borate (Na2B4O7), pH
.5, to neutralize any residual acid, incubated with anti-
rdU MAb (PharMingen) for 1 h at room temperature,
ashed with PBS containing 0.5% BSA, and further incu-
ated with FITC-conjugated anti-mouse IgG (PharMin-
en) for 30 min at room temperature. Cells were then
reated with RNaseA, stained with 1 mg/ml PI for 20 min
t room temperature, and analyzed using an EPICS XL
low cytometer (Coulter Corp., Hialeah, FL).
estern blot assay
Cells (5–10 3 106) were lysed in buffer containing 150
M NaCl, 10 mM Tris–HCl, pH 7.6, 5 mM EDTA, 1% (v/v)
onidet P-40, 0.1% SDS, 1% sodium deoxycholate, 2 mM
henylmethylsulfonyl fluoride, 50 mg/ml aprotinin, 50
g/ml leupeptin, and 20 mM NaF for 30 min at 4°C,
heared through a fine-gauge needle until no longer
iscous, and centrifugated for 10 min at 10,000 g to
emove cell debris and nuclei. Protein concentration of
ell lysates was determined using the Bio-Rad protein
ssay (Bio-Rad, Hercules, CA). Supernatants were mixed
ith Laemmli’s sample buffer and boiled for 3 min. Ali-
uots (50 mg) of total protein were resolved by SDS–
AGE and electrotransferred onto nitrocellulose filters
Amersham, Buckinghamshire, UK). Preblocked blots
ere reacted with specific antibodies to p53 (clone
O-1; Oncogene Science Inc., Cambridge, MA), p21
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and bax
PharMingen) in PBS containing 0.05% (v/v) Tween 20, 1%
w/v) dried nonfat milk (Difco Laboratories, Detroit, MI),
nd 1% (w/v) BSA (fraction V; Sigma). Blots were then
ncubated for 2 h with species-specific secondary anti-
odies coupled to peroxidase (Amersham). Filters were
ashed in PBS–Tween five times for 5 min between each
tep and were developed using a chemiluminescent
etection system (Amersham).
Nase protection assay
Total RNA was isolated using the TRIZOL reagent
Gibco/BRL) according to the manufacturer’s protocol. Cxpression of various genes involved in cell cycle regu-
ation and apoptosis was analyzed by RNase protection
ssay using the RiboQuant RPA System kit, as outlined
y the supplier (PharMingen). Briefly, anti-sense RNA
robe sets were transcribed by T7 polymerase and ra-
iolabeled with [a-32P]UTP (3000 Ci/mmol, DuPont NEN,
oston, MA). The hCC-2 multiprobe template set (catalog
o. 45091P) allows the simultaneous detection of
RNAs encoding p130, Rb, p107, p53, p57, p27, p21, p19,
18, p16, p14/15, L32, and GAPDH. RNA samples (10 mg
ach) were mixed with the hCC-2 riboprobe set (8 3 105
pm/sample), heated to 90°C, and incubated at 56°C for
2 h. Single-stranded RNA was digested by the addition
f RNaseA and RNaseT1. After treatment with proteinase
, the remaining RNA duplexes were purified by phenol/
hloroform extraction, precipitated, and redissolved. Size
ractionation of the protected probes was carried out by
lectrophoresis on 5%/8 M urea sequencing gels. Dried
els were exposed to Kodak X-ray films (Kodak, Roches-
er, NY) and visualized by autoradiography. Simultaneous
etection of housekeeping gene transcription (L32) as an
nternal control was used for the quantitative evaluation
f the data by phosphorimaging.
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